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1. SUMMARY

Additively manufactured packed bed devices for the enhancement of carbon capture were
successfully developed, built, characterized, and tested in this project. The objective was to
demonstrate that in situ cooling of chemical absorption could have beneficial effects on the
absorption rate of CO2. This was achieved in two stages, divided between FY 2018 and FY 2019.
First, the feasibility of printing conventional packing elements was investigated, and the core
hydrodynamic metrics were experimentally validated. The data obtained in those studies informed
the operating conditions set for the next stage, which was to validate the efficacy of in situ cooling
provided by an additively manufactured packed bed element, referred to as the intensified device.
The intensified device is designed to enable heat exchange between an internally flowing coolant
and the gas-liquid system flowing on the external corrugated surface of the packing. Polymer and
metal were both considered as the base materials for the device, and comparative studies on
hydrodynamic properties were performed. These considerations, as well as thermal properties and
leak tests led to aluminum being chosen as the base material for experimental validation of capture
enhancement. The experimental validation was first conducted under non-reactive conditions, and
after establishing heat-exchange capabilities, was subsequently conducted under reactive
conditions. These studies demonstrated that in situ cooling can benefit absorption given the
appropriate operating conditions.

The feasibility of 3D printing packed bed elements was demonstrated by adopting the packing
geometry of commercially available structured packing elements and reproducing them using 3D
printing. Polymer and aluminum based packing elements were additively manufactured, including
8- and 16-inch diameter polymer based packing elements, as well as an aluminum based intensified
device. Two 16-inch diameter commercially available packing elements from Sulzer, one made of
stainless steel and another made of plastic, were obtained for a comparative hydrodynamic study.
Measurements were performed using two columns, 8- and 16-inch diameter, that were especially
set up for hydrodynamic testing at the National Transportation Research Center of the Oak Ridge
National Laboratory.

Hydrodynamic studies of additively manufactured packed beds showed that metal based packing
elements are much better wetted by aqueous solution than plastic elements. Values of water
retained per unit surface area by stainless-steel and aluminum packing elements are very similar
and much greater than water retained per unit surface area of plastic packing elements. Based on
these results, it was expected that CO2 capture efficiency would be higher for a packed column
with metal structured packing than that for the same column with plastic packing. The pressure
drop for dry and irrigated column for a varying packing element diameter was also measured, and
results were compared with theoretical values obtained from an existing hydrodynamic model. The
pressure drop across an intensified packing device was measured with and without liquid flow,
and results showed similar behavior. Only at high gas flow velocities, the pressure drop increased
due to the presence of liquid.



The heat and mass transfer behavior of an absorption column employing the intensified device was
subsequently studied using a pilot-scale experimental column set up, as described in this report.
The objective of this phase was to simply demonstrate that cooling the absorption column in situ
could enhance the capture of CO2 by MEA, under some set of operating conditions, and to further
characterize the relationship between absorption enhancement and operating conditions. This
phase of the project was conducted in two stages. First, heat transport was studied in a non-reactive
system, containing only air and water in lieu of flue gas and amine solvent. Having established the
heat exchange capabilities of the device, heat and mass transport were subsequently studied with
a reactive system where CO2 and MEA were introduced.

The pressure drop of the aluminum intensified device was found to compare favorably to stainless
steel commercial packing elements, but was significantly higher than that of the polymer prints.
Results from carbon capture studies demonstrated the heat exchange capabilities of the intensified
device, and more importantly that in situ heat exchange does indeed enhance carbon capture. The
heat-exchange capabilities of the device were established in the non-reactive stage of the carbon
capture studies, where internal cooling was shown to drastically reduce the temperature of the hot
gas-liquid system. The heat-transfer behavior was confounded by the vaporization of water which
removed heat from the system and substantially reduced the temperature, even prior to the
activation of cooling. Despite this behavior, substantial reduction of the temperature was achieved
compared to the steady-state behavior of the system before cooling. The heat transfer coefficient
of the intensified device was estimated using temperature measurements obtained in this study. In
experiments with the reactive system, temperature measurements were again collected,
concurrently with mass transfer measurements. Inlet and outlet concentrations of CO2 were
measured, and the CO:2 capture rate was calculated based on a mass balance of the absorption
column. These measurements showed unequivocally that in situ cooling can enhance CO:2 capture
under certain conditions. The magnitude of the improvement was found to depend strongly on the
flow rates of air and CO2, and on the concentration of CO2.

2. BACKGROUND INFORMATION

Conventional equipment designs for carbon capture by solvent absorption are currently based on
gas-liquid absorption columns for mass transfer followed by desorption columns for solvent
regeneration and recycling. CO2 absorption is a complex process because thermodynamically it is
favored by lower temperatures, but kinetically it is faster at higher temperatures. Thus, there should
be an optimal set of operating parameters, including flowrates and inlet gas and liquid
temperatures, that would maximize the CO:2 capture efficiency. Complicating further the
phenomenon, the reaction of CO2 with amines dissolved in the solvent is exothermic, thus
increasing the temperature of the system. Although the temperature increase is dampened by water
vaporization into the gas phase, absorption of CO2 by amines leads to a gradual increase in the
solvent temperature as it trickles down the packed column. A temperature increase reduces the
solvent’s CO2 capacity, bringing about the need to cool the solvent along the column. Cooling can
be done ex situ by a conventional heat exchanger or in situ by an intensified packing element that



allows heat exchange between an internally flowing cooling fluid and the gas-liquid system
flowing on the external surface of the corrugated sheets. In this study, an intensified packing
element has been additively manufactured for the purpose of in situ cooling of the solvent. This
report describes the efforts undertaken to develop and test such a device.

3. CORE METRICS EXPERIMENTAL VALIDATION
3.1 EXPERIMENTAL INFORMATION
3.1.1 Commercial and Additively Manufactured Packing Elements

Commercial and 3D printed 8- and 16-inch diameter devices used in this study are shown in Figure
1. Mellapak 250 Y was chosen as the packing geometry for the project. Packing elements that
deviate from the nominal packing density were also manufactured, as shown in Figure 2.

Intensified 8-inch diameter
device of %2 nominal density
used for pressure-drop and
wettability measurements.

16-inch diameter, 3D printed packing
element of Mellapack 250 nominal density
used for pressure-drop and wettability
measurements for comparison with the
commercial stainless-steel and plastic
packing elements shown on the left.

Stainless-steel and plastic
Sulzer Mellapak 16-inch
diameter packing elements.

Figure 1. Commercial and 3D printed packing devices used in pressure-drop and wettability
measurements.
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Figure 2. Printed 8-inch packing elements used for pressure-drop and wettability measurements.

3.1.2 Intensified Device

Providing in situ cooling to the absorber requires the incorporation of a third fluid into the packing
element. The solution developed in this project is a packing device with double walled corrugated
sheets that allows fluid to flow in the space between the baffles, as shown in Figure 3A. The device
uses a 25.4 mm cellular structure, shown as ¥2 nominal in Figure 2, and incorporates a manifold



that allows fluid to enter through the bottom left side of the packing and flow through the baffles
from up and to the right (see Figures 3A).

The intensified device was manufactured using aluminum because of its high thermal conductivity.
(Figures 3 B-D). The print was made using a laser powder bed system (Concept Laser XLine).
Figure 3E shows one of the first layers of the printed design. The finished aluminum print is shown
in Figure 4.

A. Cut away of packing showing fluid
channels inside the baffle walls

B. Packing model C. Packing manifold

D. Fluid passages within baffles  E. Early layer of aluminum print

Figure 3. Design of aluminum intensified packing device.

Figure 4. First generation aluminum intensified device.

3.1.3 Testing Facility

A testing facility was set up to allow measurements with 16- and 8-inch diameter packing
materials. Initially, a 16-inch diameter column was set up for comparative studies between baseline
commercial and 3D Printed Mellapak packing elements. Due to the extended period of time that
was needed to prepare 3-D printed packing prototypes, it was decided to switch from 16- to 8-inch



diameter with the objective of reducing the printing time and performing further measurements
with 3-D printed materials in a timely manner. The extended setup consisting of two columns of
16- and 8-inch diameters is shown in Figure 5A. A new blower was added to the system to allow
higher gas flowrates that were necessary for the experiments.

In Figure 5B, it is shown how packing elements were introduced in the 8-inch diameter column
for simultaneous temperature and pressure measurements at different points as indicated on the
graph. A data acquisition system was developed to allow such measurements. Furthermore, an
irrigation system has been constructed and placed on top of the packing elements for solvent
distribution as shown in Figure 5C.

Key
Gas Flow s

-@® Figure 5B. Column
_@ internal parts and

Messuremment lement 1 measurement points.
@ 4144444
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Liquid Flow Element 2

Bulk Head =

Figure 5A. Testing facility.

Top of solvent distributor

Bottom o_fsglvent A
distributor |8 e

-~ »/ay
R Ay

Top of 3D printed column
packing

On the right, Stephen Bolton, a Chemical
Engineering student from the University of
Delaware, performs pressure drop measurements.

Figure 5C. Experimental system used for experimental validation of device core metrics.



3.1.4 Experimental Methods

Pressure Drop: A hand held device, shown mounted on the column in Figure 5, has been used for
pressure drop measurements between two points along the column (see Figure 4B) as a function
of gas velocity for the dry system and gas and liquid velocities for the irrigated system.

Wettability: Basic wettability measurements for commercial Mellapak 250 baseline 16-inch
diameter packing elements, including Sulzer stainless-steel and plastic elements, as well as for a
16-inch 3D printed nominal-density element as shown in Figure 1, were obtained for comparison.
Sample treatment included submersion in water, removal from water, and weight gain
measurements after the following actions: (1) mild shaking, (2) further shaking, (3) more shaking
and drying of the external surface, (4) additional shaking and drying of the external surface. These
sample treatments were consistent for all packing elements, and the weight gain measurements
were divided by the surface area of each sample for comparison.

Liquid Holdup: The liquid holdup was measured by placing the water feed tank on a scale and
measuring the weight of water retained in the column. Water was fed to the column from the top
and recycled back to the feeding tank from the bottom of the column. The mass of water retained
by the column was measured first without the packing elements, and then, with three 8-inch
diameter packing elements of %2 nominal density (see Figure 2). The difference between these two
values is the mass of water retained by the packing elements. The liquid holdup is the volume of
water retained by the packing elements over their total free volume. Three packing elements were
used to minimize the experimental error.

3.2 MODELING

Hydrodynamic modeling of dry and irrigated packed columns is discussed in the Appendix of this
document.

3.3 RESULTS AND DISCUSSION
3.3.1 Intensified Device Design Revision

Leak testing of the aluminum intensified device revealed a leak emanating from the internal
coolant channels. As shown in Figure 6, leak testing fluid flowing inside the corrugated sheets
formed bubbles on the external surface of the channels. After detailed inspection of the design, a
flaw in the design was detected: a 100-um gap situated between the packing and outer sleeve,
shown in Figure 7. Remarkably, the 3D printer had a resolution sufficiently high to faithfully
reproduce this gap which had mistakenly been included in the design.
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Figure 7. 100-pum gap found in the design file of the intensified device.

After the discovery of the 100-um gap, the design was corrected, and some other alterations were
made during the process. The inlet and outlet fittings were moved from top and bottom to the sides,
which allows the device to sit flush on other packing elements. An outer sleeve was added for
structural support and to facilitate mounting. The second generation intensified device resulting
from this redesign is shown in Figure 8. This intensified device was also tested for leaks and none
were detected, which allowed for it to be used for pressure drop measurements and subsequent
heat and mass transfer testing.

Figure 8. Second generation intensified device.
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3.3.2 Pressure Drop for Dry System

Dry pressure-drop experiments were performed with both 8- and 16-inch columns. First, for the 8-
inch diameter column, a Leeson motor controller was used to vary the gas flow into the column.
For each of ten different gas velocities and for each of the three 8-inch packing elements of Figure
2, the pressure drop across the packing element was measured. The results are shown in Figure 9
for gas flowrates ranging from 55-153 L/min. Element #1 is the nominal density packing element
shown in Figure 2, Element #2 is the %2 nominal density, and Element #3 is the ¥4 nominal density.
Results in Figure 9 show that the pressure drop increases with increasing packing density, which
was expected. A relatively low pressure drop was measured for all elements. The error between
experimental data and model predictions for this column is 13.4% for the nominal element, 9.3%
for the ¥ nominal, and 29.4% for the ¥ nominal.

Dry pressure drop measurements and model predictions were also performed for the 16-inch
diameter column. For this column, only one gas flow rate was used. This flow rate (1500 ft3/min)
is the maximum output of the blower used for the larger column. The experimental and theoretical
dry pressure drops for each of the three 16-inch packing elements are shown in Figure 10.

Dry pressure drop measurements were subsequently performed on the second generation
aluminum intensified device for an 8-inch column. The results were compared to those of the %2
nominal density printed polymer packing element, as shown in Figure 11. The aluminum
intensified device was found to have significantly higher pressure drop than the polymer,
especially at higher gas flow rates.
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50
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0 o/ L v - .
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Gas Flow Rate (LPM)
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Figure 9. Dry pressure drop and model predictions for 8-inch column.
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Figure 11. Dry pressure drop comparison between printed polymer packing
elements and printed aluminum intensified device.

3.3.3 Pressure Drop for Irrigated System

Pressure drop measurements with the irrigated packed column were also performed. The
experimental system shown in Figure 5 was used for these measurements. Pressure drop data
obtained with the 3D printed 8-inch diameter devices are shown in Figure 12. These data show
that the pressure drop increased as the liquid flowrate increased, as predicted by the model,
although to a much lesser degree than predicted.

A comparison between printed polymer and the printed aluminum intensified device was also



conducted for the 8-inch irrigated column, which is shown in Figure 13. The pattern observed in

the dry column holds, and the aluminum intensified device exhibits a significantly higher pressure

drop than the polymer prints, even at low flow rates, but to a higher degree in high flow rates. The

complete set of irrigated column pressure measurements for water flow rates between 0 and 3.75

LPM is shown in Figure 14. These measurements show pressure drop rising with water and air

flow rates, as predicted by packed column models. The final data point for 3.75 LPM did not rise
as expected due to a suspected air leak in the column at that flowrate.
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Figure 12. Pressure drop measurements and model predictions for irrigated 8 inch column.
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Figure 13. Comparison of pressure drop between aluminum intensified
device and polymer prints in irrigated 8-inch column.
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Figure 14. Pressure drop measurements for aluminum intensified device in
an irrigated 8-inch column.

3.3.4 Wettability of Packing Elements

Next, a set of tests were performed to compare the wettability of the various packing elements. As
described in section 3.1.4 Experimental Methods, each element was weighed, submerged into
water, removed, and weighed again to determine the weight gain due to wetting by water after (1)
mild shaking, (2) further shaking, (3) more shaking and drying of the external surface, (4)
additional shaking and drying of the external surface. These sample treatments were consistent for
all packing elements. Results from such measurements with the 3D printed polymer based devices
shown in Figure 1 are presented in Figure 15, where it is demonstrated that wettability increases
with packing density. The wettability of printed polymer and the printed aluminum intensified
device was compared to that of the plastic and stainless steel Mellapak 250 baseline. Figure 16
shows that the printed aluminum intensified has a similar wettability to the Mellapak 250 stainless
steel packing element. Both printed and commercial metal packing elements have much higher
wettability than either the Sulzer plastic or polymer prints due to the hydrophilic nature of the
metal devices.
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3.3.5 Discussion

Pressure Drop for Dry System: As it is predicted, the dry-system pressure drop is shown to increase

with packing density (pressure drop is proportional to packing density). The average errors
between the predicted and experimental dry pressure drop values for the 8-inch column are:
13.35% for the nominal density, 9.33% for the %2 nominal density, and 29.43% for the ¥ nominal

12



density. For the 16-inch column, the 3D printed element is shown to have the largest pressure drop
(as predicted). The average errors between these experimental and theoretical values are: 18.8%
for the metal, 16.4% for the plastic, and 22.6% for the printed. A comparison between the printed
polymer and printed aluminum intensified device shows that the intensified device exhibits a
substantially higher pressure drop than the polymer, especially at higher gas flow rates.

Pressure Drop for Irrigated System: Pressure drop data for the irrigated column show some
inconsistency with Mackowiak’s model. For the theoretical values, there seem to be two distinct
ranges showing pressure drop before the loading line is reached (gradual slope) and after loading
(steeper slope). It appears that the model does not accurately predict where the loading line is and
then predicts too drastic an increase in pressure drop after the loading line is reached. Pressure
drop measurements on the aluminum intensified device likewise show two distinct regions.
Comparisons with the pressure drop measurements on the 3D printed polymer show that pressure
drop for aluminum is also substantially higher in an irrigated column.

Wettability: The wettability results for the 8-inch column clearly show that, as packing density
increases, more water is trapped on the surface of the polymer material. For the 16-inch column,
the wettability of the metal element is approximately four times better than that of the 3D printed
element. The wettability of the intensified aluminum device is similar to that of the stainless-steel
packing element.

4. DEVICE SCALE VALIDATION THROUGH DESIGN OF EXPERIMENTS

4.1 EXPERIMENTAL INFORMATION
4.1.1 Testing Facility

Non-Reactive: A new testing facility designed to simulate thermal conditions in real absorbers was
set up for thermal transport studies. The absorption column is composed of seven 8-inch Sulzer
stainless steel commercial packing elements, with the intensified device installed near the center,
and data sensors installed throughout, as shown in Figure 17. For the non-reactive studies, a fluid
delivery system for air and water was installed. To adequately simulate the properties of flue gas,
fluids were delivered to the column at controlled temperatures using a thermostatically controlled
Tutco Farnam Heat Torch 150 inline air heater for gas, and a thermostatically controlled Eemax
Lavadvantage tankless water heater for solvent. A schematic of the experimental system is
illustrated in Figure 17.

For the purpose of testing heat transfer through the intensified device, air was delivered to the
column from the bottom using a stainless-steel pipe in the shape of a T, with the air coming out of
the sides of the pipe, to prevent water (solvent) coming from the top of the column from entering
the air line. Water was pumped to the top of the column where it entered a liquid distribution
system composed of a tray, punctuated with small holes of 1/8-inch diameter for water flow, as
shown in Figure 18, and two plastic pipes for air to escape.
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Figure 18. Liquid distribution system for absorption column.

Reactive Experiments: The testing facility was modified to accommodate the input of MEA and
COg, as shown in Figure 19. Two 50 gallon drums were added for storing the MEA solution, one
serving as a supply tank and the other as return. The solvent was pumped out of the supply tank,
and up to the top of the column by a peristaltic pump. After flowing down through the column, the
solvent is collected at the bottom, where it is pumped into the return tank by a diaphragm pump.
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A drum heater was externally attached to the return tank after conducting experiments to regenerate
the solvent. CO2 was supplied by pressurized gas cylinders that were connected to a mass flow
controller. The CO2 mixes with the air stream at a tee before proceeding to the bottom of the
column. An updated cooling system was used to supply coolant from a chilled tank.
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Figure 19. Schematic of testing facility and absorption column.
CPE: Commercial Packing Element. C: CO, measurement.

4.1.2 Experimental Methods

Non-reactive Heat Transfer: The non-reactive experiments were performed by heating the air and
water before they entered the absorber. The flow rates and temperatures of the fluids were varied
to study the effect of operating conditions on heat transfer rates. Six experiments in total were
conducted, each with a different set of operating conditions. The temperature of the air was set to
a constant of 80 °C, although about 20 °C were lost between the heater and absorber entrance,
while the water temperatures were 40 °C, 60 °C, and 80 °C. The air flow rates were 520 LPM and
650 LPM, while the water flow rates were 1.36 LPM, 1.81 LPM and 2.26 LPM. The fluids were
delivered to the column at the chosen temperatures until thermal steady state was achieved, at
which point cooling was activated by pumping coolant through the intensified device. The
temperatures of both fluids were continuously recorded at the locations shown in Figure 19,
generating a time-dependent temperature plot. The average temperatures during steady state
operation before and after cooling were calculated using the time-dependent plot and used to plot
the temperature profile along the height of the column. The average temperatures were then used
to approximate the heat transfer coefficient of the intensified device via the Log Mean Temperature
Difference method.
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Reactive Heat and Mass Transfer: MEA solution and CO2 were introduced into the system to
validate the beneficial effect of cooling. The temperature and flow rate of the solvent were held
constant at 70 °C and 3.2 SLPM, respectively, and the MEA concentration was ~30%. MEA was
regenerated between experiments. Two series of experiments were conducted and, in both, the
CO:z2 concentration was varied from 10 to 25%; in the first set, it was varied by holding the CO:2
flow rate constant at 90 SLPM and adjusting the air flow rate from 264 to 810 SLPM, while in the
second set, the air flow rate was held constant at 360 SLPM and the CO2 flow rate was varied from
40 to 120 SLPM. This was done to investigate how CO2 and air flow would affect the efficacy of
the cooling. Temperature data was acquired using the same software from the non-reactive
experiments. Mass transfer measurements were obtained using a CO2 meter manufactured by
CO2Meter (Ormond Beach, FL). The exit concentration of CO2 was measured at the top of the
column, the exit point for the gas stream. The nominal initial concentration was set by controlling
the proportion of the flow rates using the mass flow controller and blower settings; however, it
was verified by allowing the gas stream to continue flowing up the column after the solvent stream
was cut off and recording the resulting concentration.

4.2 MODELING
4.2.1 Heat and Mass Transfer Modeling

The equations used to calculate the heat transfer coefficient and capture rate are described in detail
in the Appendix.

4.2.2 MFIX Simulations

Heat transfer behavior in the non-reactive irrigated column studies was modeled using MFIX for
validation purposes. MFIX is an open source multiphase flow modeling tool developed at the
National Energy Technology Laboratory (NETL), and the MFIX -TFM (Two-Fluid Model) is an
Eulerian-Eulerian model which supports a broad range of capabilities for dense, reacting,
multiphase flows by representing the fluid and solids as interpenetrating continua. The MFIX
model of solvent absorption, a custom extension of the MFIX-TFM model that models liquid and
gas two phase flow has been used in the current effort for validation purposes. In this gas-liquid
MFIX-TFM, the coupling of hydrodynamics and heat transfer for countercurrent gas-liquid flow
through a packed column has been modeled. In applying this gas-liqguid MFIX TFM, the model
parameters have been carefully chosen so that the two-phase pressure drop, liquid holdup, wetting
efficiency as a function of operating conditions are either matching with the experiment data or
existing literature reports. The cooling from the coolant flow in the intensified device has been
modeled as heat transfer with a fixed temperature coolant at a constant heat-transfer coefficient in
the section where the intensified device is located. In addition, a uniform heat transfer coefficient
along the column height has been applied to model the heat loss to the ambient air for this column
with less than an ideal insulation.

4.3 RESULTS

4.3.1 Non-Reactive Heat Transfer
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The temperature profile along the height of the column before and after cooling is shown for three
sets of operating conditions in Figure 20. For these experiments, air temperature and flow rate
were held constant at 80 °C and 650 LPM, respectively. The gas temperature closely followed the
temperature of the liquid because of the intimate contact between them and because of air’s low
specific heat, so only the liquid temperatures are shown. This set of experiments shows only the
effect of liquid flow rate which was varied from 1.81 LPM to 2.26 LPM. As expected, higher
liquid flow rates correspond to higher temperatures across the board. The temperature profiles after
cooling is activated demonstrate that, with appropriately sized cooling equipment, the intensified
device can have a strong heat-exchange capability. The results, however, also reveal that the water
is losing large amounts of heat even prior to the cooling, which limits the ability of the experiments
to demonstrate the benefit of cooling. There are two likely culprits for this behavior. One is heat
losses to ambient, and the other is vaporization of the liquid phase into the gas because of the low
humidity air being pumped into the column, which would remove heat from the liquid and reduce
the temperature of the system. Despite this limitation, these results demonstrate that the intensified
device is a viable heat-exchange device in an irrigated column.
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The strength of the heat exchange capability was quantified by obtaining an approximation of the
heat transfer coefficient of the intensified device using the Log Mean Temperature Difference
method. The results are presented in Table 1. The calculated values of the heat transfer coefficient
exhibited little variance, as they ranged from 32-35 W/K-m?2,

Table 1. Calculated heat transfer coefficients for each experimental case

Air Flow Air Water Water Heat Transfer
Rate (LPM) Temperature Flow Temperature Coefficient
(°C) Rate (°C) (W/K-m2)
()]
650 80 1.36 80 34.7
650 80 1.81 80 34.7
650 80 2.26 80 32.8
650 80 2.26 60 32.8
650 80 2.26 40 325
520 80 2.26 80 349

The experimental heat-transfer results were compared to temperature profiles predicted by MFIX
at the same temperature and flow conditions. The agreement between experimental and simulated
temperature profiles of the uncooled irrigated column is remarkably close as the relative deviation
from experimental results was between 0 and 14%, with most experiments being well under 10%.
A comparison between experimental and simulation results for all data points is presented in a
parity plot, shown in Figure 21. The accuracy of simulation predictions for the cooled is similarly
satisfactory though to a lesser degree than the uncooled case. A comparison between experimental
and simulated temperatures for the cooled system is presented in Figure 22. It is interesting to note
that, compared to the uncooled cases, the simulation for the cooled system more frequently
overpredicts the temperature. A possible contributing factor is that the simulation fails to predict
that the liquid temperature above the intensified device is cooled down, not just the one below.
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Figure 21. Parity plot for Uncooled Air-Hz20 system. Experimental
vs simulated by the MFIX Model.
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4.3.2 Reactive System Mass Transfer

Numerous experiments with a reactive MEA-CO2 system were conducted. The first few
experiments were conducted to calibrate the operating conditions for the experiments. Once
suitable ranges of operating conditions were found, several experiments were conducted with the
objective of investigating the effect of CO: flow rate, air flow rate, and CO2 concentration on the
carbon capture efficiency. A typical experiment is shown in Figure 23 with CO: flow rate of 90
LPM and air flow rate of 360 LPM. The CO2 concentration and capture rate with respect to time
are shown juxtaposed above the time-dependent temperature profile to demonstrate how changes
in temperature correspond to a response in CO2 uptake. At these operating conditions, cooling
supplied by the intensified device successfully enhanced the capture rate of CO2 by 11.5%. These
results demonstrate that cooling can enhance carbon capture given the appropriate operating
conditions. The temperature profile along the column is also shown. Consistent with the literature,
it was found that the location of the temperature bulge depends on the ratio of liquid to gas flow
rates. In this case, the bulge was found to be just above the intensified device. We expected that
enhancement to carbon capture would be greater if the temperature bulge was below or at the
intensified device.
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Two series of experiments were conducted for the reactive system: a constant air flow series and
a constant CO2 flow series. The results of these series are presented in Table 2. These results show
that, although all of the tested operating conditions improved the capture rate, the magnitude of
the improvement depended significantly on the air flow rate, CO2 flow rate, and CO:
concentration. More specifically, there was a peak in capture rate enhancement in both series, at
20% CO:z2 concentration for constant CO2 flow series and at 15% for the constant air flow series.
The improvements to molar capture rate were 11.5% and 15.7%, respectively.

Table 2. Improvements in capture efficiency for constant CO2 and constant air flow

Molar Molar Capture

Alr CO. Capture Rate Capture e
co: pBefore RatepAfter Fractional  Efficiency (%)

Flow Flow

Concentration (Before Cooling

vy wey | O Cooing oy T A
(mol/min) (%) Cooling)

810 90 10 2.24 2.30 2.7 59.9 — 61.2
510 90 15 2.75 2.90 55 7377
360 90 20 2.95 3.29 115 78 — 88
264 90 25 352 357 43 94 — 98
360 40 10 138 145 5.1 83 — 87
360 635 15 153 177 15.7 58 — 67
360 90 20 2.95 3.29 115 78 — 88
360 120 25 3.07 3.28 6.9 62 — 66

4.3.3 Discussion

The results from this study demonstrate that the intensified device cannot only be an effective heat
exchanger that can substantially lower the temperature of an absorber, but its ability to cool the
absorber does indeed boost the efficiency of chemical absorption. The magnitude of the
improvement was shown to depend on air and CO2 flow rates. This occurs because of kinetic and
thermodynamic effects. Increasing the air flow increases the resistance to mass transfer of CO2
from the gas stream into the liquid medium. Furthermore, when the CO2 concentration in the gas
phase decreases, the equilibrium concentration of COz2 in the solvent is also expected to decrease.
This behavior has an additional kinetic effect because it reduces the driving force for mass transfer.
This explains why the capture efficiency was so low when the air flow was increased to 810 SLPM.
At very low air flow rates, the resistance decreases and the driving force increases, which vastly
improve the capture efficiency, hence the high capture rate of 94% that was achieved with an air
flow rate of 264 SLPM before cooling. Because of the enhanced capture with decreased air flow,
the reaction rate was very high, leaving less room for improvement. This explains the peak in the
fractional increase in capture efficiency observed in the CO2 constant series.
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5. CONCLUSION

A 3D printed intensified packing device was successfully designed, printed, characterized, and
tested for enhanced CO: capture efficiency. Hydrodynamic testing demonstrated that 3D printed
packing behaved similarly to commercially available packing on core metrics, such as pressure
drop and wettability. The wettability of intensified aluminum packing is very similar to that of
commercial stainless steel packing, which increases confidence that the printed intensified packing
can have comparable hydrodynamic performance to commercial packing. Temperature
measurements were made on an 8-inch column by attempting to cool down heated solvent. The
heat transfer of the intensified device was subsequently calculated and found to be between 32 and
35 W/m?K. Heat transfer testing demonstrated the device can successfully vent large amounts of
excess heat in the absorber, despite limitations such as vaporization and heat loss to environment.

The intensified device proved capable of substantially enhancing CO2 capture by the amine solvent
at appropriate operating conditions. The magnitude of the enhancement was found to be strongly
dependent on air and CO: flow rates. This success of the 3D printed intensified packing device
represents an unprecedented achievement in the field of carbon capture research. This study has
been a proof of concept for the application of a process intensification approach to carbon capture
using additive manufacturing. There still remains ample opportunities for further optimization of
key process parameters, such as device geometry and operating conditions. Future work can focus
on further refining and optimizing those parameters.
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APPENDIX A. Heat and Mass Transfer Modeling

A.1 Mass Transfer Calculations

The capture efficiency of the absorber was calculated by performing a mass balance over the
absorption column for the gas stream. The amount of air that enters the column can be assumed to
be the same amount that exits because the column is sealed from the environment and the air does
not appreciably participate in the reaction. Air contains oxygen which does react with MEA,
however, that reaction occurs very slowly and only uses up trace amounts of reactants, so oxidative
degradation of MEA can safely be neglected for this experiment. Also, the CO2 content of the air
is much smaller than the CO2 added for the experiment, and can be neglected as well. The material
balance for the air entering (1) and leaving the column (2) is:

Q1 Cair,l = Cair,z (1)

where Q is flow rate of the gas stream and C is percent concentration. The concentration of the air
was not directly measured, so the equation is stated in terms of the CO2 concentration:

Q:(1— Ccoz,1) =0Q,(1 - Ccoz,z) (2)

Assuming there are no leaks to the environment, the CO2 that enters the absorber must be equal to
the COz2 that exits, plus the COz that is absorbed in the reaction. The resulting CO2 balance is
shown in Equation 6, where ¢ is the CO2 absorbed rate by the solvent.

Q1Cco21 = Q2Cc022 +¢ (3)

Substituting equation 2 into equation 3 and solving for ¢ yields:

Q1(1-Cco,,1)Cco2,2
= 01Cooz1 — z1)Ccon 4
( Ql co2,1 (1_CC02,2) ( )

Once the rate of CO2 captured by the solvent is known, the capture efficiency can be obtained by
dividing the COz capture rate by the CO:2 flow rate entering the absorber:

%Capture Rate = 2 Cf x 100 (5)

1“C02,1

A.2 Heat Transfer Calculations

An approximation of the heat transfer coefficient of the intensified device was obtained by
employing the Log Mean Temperature Difference Method. First, the heat transfer rate of a fluid
can be calculated by:

q = mc,AT (6)
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where q is the heat transfer rate, cp is the specific heat of the fluid, and AT is its change in
temperature. When the heat transfer occurs between two phases, the overall heat transfer
coefficient, U, can be calculated using equation 7, where A is the contact surface area and ATim is
the log mean temperature difference.

__q
U= AAT 1y, )

The log mean temperature difference is a logarithmic temperature average of the temperature
difference between hot and cold fluids and can be calculated using equation 8 where AT1 and ATz
are differential temperatures depending on flow pattern:

AT,—AT
ATy, = ﬁ (8)

In( ATl)

The differential temperatures are calculated using Equations 9 and 10:
AT, =Th; — T¢; 9)
AT, = Tho —Tcpo (10)
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APPENDIX B. Estimate of the Contributions of Vaporization and Wall Losses
to Heat Transfer in Irrigated Absorption Column

Due to the large magnitude of the heat losses from water vaporization and through the walls seen
in the uncooled temperature profile, an attempt was made to approximate the magnitude of these
contributions. The combined effect of both contributions can be obtained by performing an energy
balance over the entire column using the measured temperatures at the entrance and exit. In Case
3, water entered the column at 81 °C, and exited at 44 °C. The heat lost by the water in the column
is therefore 5.8 kW. The air entered the column at 65 °C and exited at 72°C, gaining 100 W.
Subtracting the heat gained by the air from the heat lost by the water results in 5.7 kW of heat lost.
This calculation yields the combined losses from heat loss through walls and vaporization.

To provide a more detailed breakdown, we can estimate the size of the vaporization component by
assuming that the air being drawn into the blower is at 50% relative humidity and the air exiting
the column is at saturation. We assume the latter because the blower draws in air from the room
and, during the experiments, the room’s heavy-duty ventilation system, which draws air from
outdoors into the room, is active. We assume 50% because that was the measured relative humidity
during the day that an experiment was conducted.

Based on these assumptions, we calculated the amount of energy it would require to evaporate
enough water to increase the relative humidity of an airstream flowing at 650 L/min from 50% at
25 °C, roughly the temperature outside, to 100% at 72°C, the measured temperature at the exit.
The calculations showed that, based on these assumptions, 0.117 kg/min of water would need to
be evaporated, which would require approximately 4.65 kW of energy. Based on these
calculations, we estimate the heat loss due to vaporization to be 4.6 kW and the heat loss through
the walls to be 1.1 kW for these operating conditions. Similar estimates were performed for the
remaining experimental cases, which are shown in Table 4.

Table 3. Experimental Cases in Unreactive Irrigated Absorption Column
Experiments
Case AirFlow Rate Air Temperature Water Flow Rate = Water Temperature

(LPM) ) (LPM) )
1 650 80 1.36 80
2 650 80 1.81 80
3 650 80 2.26 80
4 650 80 2.26 60
5 650 80 2.26 40
6 520 80 2.26 80
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Table 4. Heat losses due to vaporization and through the walls

Casel Case2 Case3 Cased4 Case5 Caseb

Total Heat loss (W) 3500 4439 5704 3284 963 5223
Vaporization Heat Loss (W) 3464 4370 4605 2917 906 4528

Wall Heat Loss (W) 36 69 1099 367 57 695
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